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Physiologically hased pharmacokinetic (PB-PK) models are designed
to simulate the bady av a series of tissue compartments, across which
a chemical is absorbed, distributed, metabolized. and excreted in ac-
cord with pharmacokinetic rate laws. Well-constructed PB-PK
models can be powerful icols for interpretation of biomarker data.
This chapter demonstrates sucle use in estimating the absorbed mal-
athion doses in subjects potentially expused during an urban pesti-
cide application. Single urine samples were colfected from sulyfects
within 45 h of a potential exposwre for determination of malathion
dicarhoxylic acid, one of the pesticide’s major metabolites. Subjects
also responded to a questionnaire that provided a bricf description
of the circumstances and timing of their exposure. This PB-PK sim-
wlation suggesty that for the ndults 170 kg) and the children {14-34
kai the hizhest absorbed doses were 1.3 and O g, rospectively.

CH."‘A[‘L-\C'[‘EH[ZING CHEMICAL EXPOSURES IN A STUDY POPULATION is (ﬂlCl
of the most difficult challenges in environmental epidemiology, a fact that
hus been emphasized in a number of chapters in this volume. The utility of
biomarkers as probes of chemical exposure has been widely appreciated and,
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as a result, the technology for measuring markers in biological samples has
advanced significantly, In particular, analytical methods of determining xe-
nobiotic metabolites in biological fluids (i.e., hiomarkers of internal dose)
are increasingly sensitive and reliable. Successful application of the new as-
says in epidemiological studies is not straightforward, however, because ex-
act knowledge of the concentration of a biomarker in a sample does not trans-
late to a dose (the parameter of greatest interest to the epidemiologist).
Physiologically based pharmacokinetic (PB-PK) models are designed to treat
the body as a series of tissue compartments, across which a chemical is ab-
sorbed, distributed, metabolized, and excreted in accord with pharmacoki-
netic rate laws. Well-constructed PB-PK models can be powerful tools for
interpretation of biomarker data, as demuonstrated here in estimating ab-
sorbed malathion doses in subjects allegedly exposed o aerial sprays during
an urhan pesticide application.

Malathion (S-1,2-bis[ethoxvcarbonvllethyl O,0-dimethyl phosphorodi-
thioate) is an insecticide that has been used widely in the United States to
control mosquitoes, {lies, and household insects since the early 1960s. This
insecticide is a member of the organophosphorous group and, as such, can
cause acute cholinergic reactions in humans at high dosages. Malathion is
readily metabolized by microsomal engymes through oxidation of the P=5§
bond to P=0, followed by hydrolysis of the phosphate ester. However, the
predominant metabolic pathway in humans is deesterification of the ethyl
succinate vsters; two of its major urinary metabolites in humans are the mon-
ocarboxylic acid (MCA) and dicarboxylic acid (DCA). Gallo and Lawryk (1)
recently provided a thorough review of the tommlog\ ‘and metabohsm of
this pesticide in mammals.

As part of the recent Mediterranean fruit fly (Medfly) eradication cam-
paign in California, aerial spravs of malathion mixed with a corn-syrup pro-
tein bait were applied repeatedly (up to a dozen times) over portions of
southern California during the fall of 1989 and continuing through July 1990.
Much of the area sprayed was urbanized and included large population cen-
ters. Public concern about the health risks of these aerial applications was
high, despite reassurances by state and local heatth officials. In an eflort to
address this widespread community concern, state health officials coopera-
ted to collaborate with the Los Angeles County Department of Health Ser-
vices staff to study doses of malathion in local residents alleging exposure to
the aerial sprayvs. This collaborative effort led to the recruitment of over &0
local residents and agricultural workers for a study in which malathion’s acid
metabolites in urine were monitored. Malathion metabolites in human urine
are detectable at levels as low av a few parts per billion (2-4). thus having
the potential to_guantify exposure to microgram quantities of the: pesticide;

The purpose of this chapter is to illustrate how PB-PK modeling can be
used in an epidemiological study to estimate the total absorbed dose of mal-
athion when coupled with internal-dose biomarker data, in this case urinary

an
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ntalathion acid metabolite concentrations. To date, the development and val-
idation of PB-FK models has largely been accomplished Dy toxicologists
studying experimental animals. This simulation study is unique, however,
in that it involves local residents and agricuttural workers with probable ex-
posures incurred under “real world” conditions.

Materials and Methods

Study Cases and Exposure Scenario. For the Medily eradication
campaign in southern California during 1959-19590, a 20% mixture of tech-
nical grade malathion (with 95% purity) diluted in a corn-svrup protein bait
was applied over many nights by helicopter over several hundred square
miles, at a rate of 2.3 oz active ingredient per acre ‘equivalent to approxi-
mately 2pg/em?). The aerial applications were found to be uniforin, as the
deposition measured on test cards placed throughout sprav areas rarely var-
ied by more than 50% of the application rate. Spray droplets ranged in di-
ameter from about 100 wm up to about 1-2 mm. By the following morning,
the spraved droplets typically had dried and hardened and were difficult to
dislodge from flat surfaces. Malathion concentrations in outdoor air ranged
up to a few micrograms per cubic meter of air.

A total of 67 individuals participated in the Los Angeles biomonitoring
study. These included 30 women (29 residents and 1 agricultural worker),

20 men (13 residents and 7 agricultural workers:, and 17 children (8 girls

and 9 boys}. Participants (or parents of the children) recruited were asked
during an interview to respond to a questionnaire sbout their age, ‘gender,
circumstances of exposure, duration of exposure, and prevailing symptoms.
The general profile of the participants and their exposure experience were
previoush' described in detail by Papanek and Woloshin (5). Participants
were instructed to collect a urine specimen at home in any ordinary clean
glass jar and to freeze the specimen immediately. They were also asked to

labe] the specimens with the date and time of collection. The specimens’

were then collected by county health department statf, thawed in the cold,
and transterred to uniform glass jars, which were frozen again. These re-
frozen specimens were later sent to the Hazardous Materials Laboratory
{HML) of the California Department of Health Services in Berkeley for anal-

vsis. In addition, 24 specimens were split to provide the Pacific Toxicology |

Laboratories in Los Angeles with duplicates to be analvzed for quality con-
trol purposes.

For the case study described here, only the 11 subjects with detectable
malathion acid metubolites in their urine were included for PB-PK simula-
tion. These 11 study cases, together with their estimated level of total acid

“metabolites (i.e.. MCA + DCA), are listed in Tuble I. These 11 subjects all
reported either to have been outdoors at night directly under an aerial ap- -

plication of the malathion bait or to have had extensive and direct skin con-
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TFable 1. Excretion of Urinary Malathion Acid Metaholites by Subjects
Potentiallv Exposed to Medfly Eradication Sprays®

Creatinine Acid Metabolites
Subject” Case 1D Age {g/L urine) (/L urine)

Achull residents

{70 kel

A 03 i} 1.7 20.7

B 04 45 2.1 51.¢

C 39 GG 1.9 21.6

D 53 51 12 147.0
Agricultural workers

70 ke

E AG4Y 39 1.2 43.0

F AG32 45 1.3 81.0

G AG33 57 1.0 40.07
Younger children

{14 ke

n o . 45 2 0.2 225.0

1 61 3 1.4 ‘ 24.9
Older children

135 kg

I 31 £ 23 75.0

K 80 5 12 156.0

“Presumally from direct sprayv or skin contuct,
*The time lapse from first desmal vontact until urine. (_()n(‘ttlﬂn was reportcd to be within

12 h for all study cases. except subjects B, ¢, and D; according to their questionnaire, the

time lapses for subjects B, C, and D were withia 24-36 h, 12-36 b, and 3645 h, respec-
tively

“Based on the dicurboxvlic acid metabalites meusured by the HML of the Californix De-
partment of Health Services, totil mono- and dicarboxyvlic acid metabalites were estimated
ta be three times the amount of divarboxylic acid metabolites measured.

“Based on the tota]l mono- and dicarhoxvlic acid reetabolites measured by the Pacifie Toxi-
cology Laboratories in Los Angeles. whose analytical results were nsed primarily bor quality-
control purpuses.

tuct with a spraved surface. such as grass or backvard foliage. All other sub-
jects with less exposure. such as those merely residing in or walking through
a spraved areq, were fonnd to have undetectable levels of vrinary metabo-
lites, Also inclded in Table Tare the urinury ereatinine Tevels aud suljects’
ages. As mentinned in the table footnote, only IDCA wus measured by HAML.
The urine samples were collected and analyzed before a commitinent was
made to estimate also the absorbed doses through PB-PK simulation, which ... -

~at this time can wake ise of only the fotal acid metabolites since the required

metabolic rate constants (V7 and Michaelis constant (K.} for simulation
are unavailable for the individual DCA or MCA. The MCA lor cach of the
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11 study éases thus was estimated as two times that of the measured DCA

S order to aceountt for the total ucid metabolites excereted.

According to Bradway and Shalik (2). over half of the malathion metab-
olites excreted in human urine appear in the form of MCA or DCA. A mal-
athion clearance study vonducted recenthy by the California Department of
Pesticide Regulation (DPR) also indicated that the ratio of MCA to DCA
metabolites in human wrine changed aver time (6). This ratio ranged from
approximately 3:1 at 6-h to L:1 at 12 h following exposure, which suggested
sequential deesterification. The MCA-to-1DCA ratio used here was consid-
ered to be valid, in that the mean MCA {provided by the reference labora-
tory) wmong the quality control sumpies was approximately 1.9 times higher
than their mean DCA,

PB-PK Simulation. For the past decade, numerous investigators
have used PB-PK models to predict tissue dose in animals and humans {7-
23). These models can be highly isomorphic with the physiological and bin-
chemical system of a speeific mammalian species and thus may be wseful to
both toxicologists and epidemiologists. PB-PK models are defined by a set
of mathematical equations used to simulate the time course of a chemical’s
disposition in several preselected tissue compartments. Each compartment
has its own characteristic blood flow, volume, tissue-blood partition coeffi-
cient, and metabolic- or elearance-rute constants that together explain the
chemicals disposition in that region. A comprehensive discussion of the de-
tails of constructing PB-PK models has been provided by Bischofl (26), Gi-

baldi and Perrier (27), and Andersen (28), The two Basic step‘a in the eon=""

struction of @ PB-PX model are (1) choice of body regions and (2) postulation
of a set of mathematical equations that wilf ddequatciv rcl'ate the chemicals
disposition in the preselected regions.

The basic structure of a PB-PK model for dermal exposure is outlined
in Figure I. The dermal-cxposure model in Fignre 1 shows that there is a
series of mass-halance differential copations needed to account for the time
course af the chemicals disposition oceurring in the tissue compartments.
The model assumes that wherce the skin is exposed to a chemical, a portion
ditfitses into the skin, and the rest is either Tost to the atmosphere (as by
evaporation) or remains on the skin. The portion that kas heen absorbed
ite the skin is further assumed to e wradually distriboted to the various
tissue comnpartments via circulation. In general, the amount in a particular
tissue compartment is dlected hy many of the following hiolugical variables:
(1} the wmount of the chemical availuble in the circulation at the time in
guestion; {2) the cardiac outpat and the blood flow to the tissue involved;

" 13) the rates ol clearance and-metabolism, il they take place; and (4 the

partition cocfficient hetween the tssue and the blood involved, which is also
defined as the selubility or concentration of the chemical in the tissue, com-
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tion of notations used.

A typical PB-PK model for derinal exposure {see box for explana-

Qi is blood flow to tissue i Pi-hoos tisswe | — Dlood partition coeffivient: Ci iy con-
contration in tssue  QC iy cardue autpue, OV s mised conony concentration. UA Qs
mixed erterial concontration. and CA s eqrial to CV

pared with that in the blood at a steady state. The variahes in the last two
categories are highly specific to the chemical under investigation.

Many of the differentinl equations that are typically used inanodelfor

- dermat-expusurée (5¢e box) have been used in the PB-PK modcls for dermal

absorption of pesticides by Knaak et al. {20) and of organic vapors by Me-
Dougal et al. {9, 21). Equation 6 relies on the widely aceepted assumption
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Loss to Air’ .- that venous liver concentrations, rather than Jiver concentrations, are used
' T to derive the V. and K, values invalved. The kinetic equations listed in
‘ ‘ -~ - -the box consist of nonlinear terms and hence cannot be directly integrated.
They can be solved indiscriminately, however, with numerical procedures

that have been written to approximate an analytical solution.
One numerical procedure that has been considered to offer the most
accurate (but also more laborious) integration approximation is the Runge—
~Rskxcal Kutta method, the computational details of which are readily available in
many modern elementary textbooks on differential equations. The algorithm
for this numerical procedure can be implemented with any computer pro-
gramming language such as FORTRAN, BASIC(A), or PASCAL. Within

QC x CA

~arxch g DPR, this algorithm has been written in BASIC(A) for PB-PK simulation on
an IBM-compatible microcomputer {29). More sophisticated simulation
FOLITES packages, such as SknuSolv, SCoP. and STELLA, are also available for solv-

ing differential equations formulated by the analvst. To date, however, no
commercially available simulation programs have been written specifically
for PB-PK simulation of dermal exposure.

Table 1T lists all the physiological and biochemical values that were used
L Qe x CA in the PB-PK model constructed here specifically for dermal exposure to
) malathion. Many of these parameter values were also used in two earlier
related studies by the California Environmental Protection Agency, Office
of Environmental Health Hazard Assessment (OEHHA), where justification i
Qlx oA for their use was given (30, 31). Further elaboration on the use of these
values is provided in the next section. In addition fo equation 6 noted ear-
1———-- == -~ lier-another modification-made here to the OEHHA model was the assump-
tion that malathion leaving the gastrointestinal tract compartment would cir-
culate into the liver compartment. This additional modification is consistent
with common practice in which the gastrointestinal tract is treated as a sep-
arate compartment and is reflected in Figure 1 and in equation 7.

The objective of this PB-PK modeling was to simulate model predictions
see box for explana- of the cumulative urinarv excretion of malathion acid metabolites to the
amounts equivalent to those estimated from the biomonitoring data. Once
there was a good approximation {(match! hetween the simulated and the ob-
served values, the tatal absorbed dose of malathion would be calculated by
summing the amounts simulated for all internal tissues, including those re-
maining in the skin and those excreted. The gbserved urinary excretions for
the 11 study cases were first caleulated for a 24-h accumulation by multiply- R
ing the estimated urinary level of acid metabolites in Table I by the assumed )

Ofr x CA

3

|

Qi x TA

cuefficient: Ci i con-
v cancenrteelion: £ 6

'i‘dhl‘es in the last two daily urine output volume. The 24-h accumulation was then adjusted for the
vestigation. twor (shortest and longest) timesfrom exposure to urine collection assumed
v uised in "',\”md?_]___ﬂ)r = for each study case. The daily urine nutput volumes for the adults, vounger
“K models for dermat 7 children, and older children wire assinied o be 120075007 F) 800 mL; o e |
wanic vapors by Me- respectively {32). Because the creatinine levels measured for the study cases

accepted assumption indicate that the daily urine output volumes tended to be overestimated
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Equations Typically Used in a PB-PK Modcl for Dermal Exposure®

CA = {(Q, x CJP, ) +{Q, x C/Py,

+ (Qy X Cy/P b+ Q) = C/P) n’

+ Q. x_C,/P,)QC

Mixed arterial (CA) concentration is the sum of the amounts eliminated by the
mdividual compartments divided by the cardiac output QC (i.e., by the sum
of the individual Q). The amount eliminated in each compartment i is denoted
by Q. x C/P,,. where Q, = bluod flow to tissue §, €, = concentration in tissue
i, and P.; = tissue #blood partition coefficient, (Throughout this box, the fol-
lowing notations are used: sk = skin; [ = fat; b = hepatic; k = kidney;

E.i. = gastrointestinal tract; m = muscle; surf = skin surface; met = metab- .

olite; u = urine; fec = feces; and AMT = amount.)

dAMT, jdt = K, x A x (C,/P,, ~ C,) - K, X AMIT,, @)

The amount on the skin (AMT,, ) changes over time as a function of three
events: (1) the amount diffused from inside to outside of the skin {elthough at

times this amount is negligible); 2} the amount absorbed into the skin; and {3} -

the amount lost to the air. (K,, = skin permeability constant; A = skin surface
area exposed; P, = skin-air partition coefficient; K, =. evaporation constant;
and C_, = concentration of dose applied topically.} (Where C,,, is averaged

air concentration, both this and Eguation 3 will no longer be applicable, he-
cause in that case the applied dose will not diminish aver time. )

CdAMT, e = K, X AMT,, - @

The amount lost to the air is a tunetion of K, X AMT,,

dAMT/dt = K, % A x (C,, — C/P, )+ Qu x (CA — CJP, ) (4]

ap

The amount absorbed into the skin is a function of three events: (1) the amount

diffused into the skin; 12} the amount diffused from inside to outside of the
skin: and (31 the mnount of difference hetween that perfused to and that elim-
inated in the skin tissue.

dAMT,dt = Q, »x 1CA — C/P_,. (3

The amount in fat s related directly to the amount of difference between that
perfused to and that eliminated in the fat tissue.

dAMT, jdt = (v, x CH{(Ky = P,) + CJ 6)

This metabolism rate is based on the well-known Michaelis~Menten equation;
for some chemicals, this equation may occur in a tissue organ other than the

hepatic svstem or may take another form, such as a first-order reaction,
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Dermal Exposure” Equations Typically Used in a PB-PK Model for Dermal Exposure—Continued.
o dAMT/dt = Q, x (CA ~ C/P,,) 1
T Q. X C./P,, ) — dAMT, /dt )
dAMT /dt = K, X AMT, (K, = urinary constant] Y]
wunts eliminated by the i 41 ¢ = A—-CJ/P. 0 — K x AM 9) .
ut QC {.e., by the sum dAMT/d QX 4G il o X AMT, ® l
impartment { is denated dAMT, /dt = Q_, % (CA — C_./P,. ) {10)
= concentration in tissue
ughout this box, the fol- | - K. x G} (K, = fecal constant)
= hepatic; k = kidney; | )
'surface; met = metab- dAMT,/dt = K, x GI (11)
dAMT,/de = Q, » (CA - CJP,.) (12)
AMT. 5 “These equations are summarized graphically in Figure 1. Equations 7 through 12
il b are not elaborated here, because on reviewing the first few equations, the reader
e as a function of three should find their interpretations ail to _h‘e rgpet:_fwe: For dermal exposure, rr.uxed
venous concentration {as denoted by CV in Figure 1) is assumed to be approximately

“of the skin (afthough at
red info the skin; and (3)
mstant; A = skin surface
= evaporation constant; |
Where C,, is averaged |
onger be applicable, be-
over time.)

equal to CA.

(perhaps with the exception for the agricultural workers), their 24-h accu-
mulations and-absorbed doses were likely to be overestimated as well. Sev-
eral investigators (33, 34) have recently found the excretion rate of urinary
L ¢reatinine to change over tife. It was primarily because of these observa-
) tions that the creatinine levels were not used here to calculate the daily

ot urine output volumes.

CA — C/P,,) i)

=¢ events: (1) the amount ll Results and Discussion .
i';::"d tt" _"“&""ff‘f of the The amounts of malathion and of its acid metabolites simulated for the var-
wriused to and that eliz- ious tissue groups for subject B are presented in Table 1L These results
exemplify the total absorbed dose of malathion simulated for the longest
assumed time lapse from exposure o urine collection for subject B, whase
LI observed malathion acid metabolites in urine accumulated up to 36 h were
; estimated to be (81 wgl. x 1.2 1L/24h x 36 h = ) 1438 ug {see footnotes
‘ in Table [ and the bhox for asswmptions). As shown o Table II1. the acen-
| mulation of acid metabolites simulated at 36 h was 143.79 pe. In order for
the body to produce and excrete the acid metabolites in this amounl in
ho - o 36 Ii under the physiological and biochemical constraints specified by the
maodel, the amournts of malathion and its metabolites accumulated in the
various tissue compartments showuld approximate thase specified in the ta-
Lle. The total absorbed dose of malathion for this case was estimated to be
(.56 mg, which is simply the sum of the amounts of malathion and of its acid

Felifference Detween that

haclis-Menten equation;
sue organ other than the
rstarder reaction.
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Table II. Typical Physiological and Biochemical Values Used in PB-BK Human
Models for Dermal Exposure to Malathion®

Adult Younger Child Qlder Child
Parameters {70 kg {14 kg) (35 kg}-
A. Tissue
volumes (L)
Fat 10.0 2.0 . 5.0
Intestine 2.4 0.48 1.2
Kidney? 27 0.54 1.35
Liver 1.3 0.30 0.75
Muscle 30.0 5.0 15.0
Skin 2.6 -0.52 1.3
B. Tissue perfusion
rates {L/min)
Fat 0.2 0.06 0.12
Intestine 1.2 0.36 071
Kidney” 2.95 0.68 1.34
Liver 1.3 143 0.89
Muscle 1.2 0.36 071
Skin 0.125 0.04 0.07
Cardiac output 6.475 1.95 3.84
C. Hydrolvtic fiver
metabolism®
Y. {mole/min) 4.89 = 10 1.46 x 10+ 2.91 x
K,, (mole/L) .35 x 10-° 1.35 x 10 104
1.35 %
10-4
D. Other kinetic
parameters
{min="
Skin permeazbility 1O > 10~ 1.0 x 107! 1.0 x
constant 1.0 > 103 1.0 x 107* 10-4
Evaparation 20,0 20.0 1.0 x
constant 0.] 0.1 10+
Urinary constant 20.0
Fecal canstant 0.1
E. Tissne/hlood
partition
coeflicient
Fat 775.0
Intestine 15.0
Kidney" 17.0
Liver 31.6
Muscle 22 .4
Skin 250

“Based on {hose adopted by the California Environmental Protection Agency OEHHA (30,
31

*lacluding other vessel rich groups ibrain. heart, and lungs).

"Avaitable only for total monn- and dicarboxvlic actd metabobites.

=

—

g re— e g =~
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metabolites simulated for all mternal tissues at any time after 8 b from first -

dermal contact {after the dermal dose presumably was washed off).

In Table IIL, the disposition of malathion in the various tissue compart- -
ments for subject B was for preselected howrly intervals only. The PB-PK

model actually simulated the amount of chemical in each tissue at 0.1-min
{6-sec) intervals. The output American Standard Code tor Information Iri-

terchange (ASCI1) file from the computer program, on the other hand, listed .
these serial amounts at every 10-min interval. Although in Table I the -

amounts listed for some of the tissues decreased over time as a result of
redistribution, all listed amounts actually represented an accumnulation or an
account of the chemical or its metabolites available up to the specified time
interval, rather than that present at the specified time. Figure 2 provides a
graphic view of this output for the acid and other metabolites excreted by
subject B. As shown in Figure 2, the ratio of acid metabolites to other mal-
athion metabolites for this individual was approximately 1:2. In addition to
their (cumulative) total, the excretion rate of malathion acid metabolites may
also be determined from the simulation data listed in the output file. The
excretion rates of malathion acid metabolites caleulated at various time in-
tervals for subject B are depicted in Figure 3. As shown, the excretion rate
peaked at approximately 9 h after first dermal contact.

The total absorbed doses of malathion simulated for the 11 study cases

are summarized in Table IV. This summary table shows that subject D
experienced the highest dose, although this individual did not have the high-
est level of urinarv metabolites. This simulation result was not inconsistent

with general expectation, however, in that the subject’s daily urine output
was assumed to be 1200 L. Because of age difference, the daily urine out-

puts for subjects H and K wereassumed to be 300 and 800 mL, respectively.
Thus, on a cumulative basis, subject D should have higher urinary acid me-

tabolite output (which would lead to the estimation of a higher absorbed

dose), even though subjects H and K had the highest metabolite levels de-
tected.

Overall, the result simulated from this PB-PK modeling were found to
be consistent with those available in the literature. In this case study, the

acid metabolites in the liver were assumed to be excreted primarily into the .

urine shortly after thev were produced. According to Bradway and Shafik
£2), MCA and DCA excreted in human urine conld account for 57% of the

total urinary malathion metabofites. Table 1T suggests that the acid metab-

olites accumtulated throurh siimulation were approximately 36% of the totul
malathion metaholites excreted in urine. Although there appeared to be a
significant difference between the two studies in the percentage of acid me-

taholites excreted, the lower percentage of acid metabolites obtained from

this PB-PK simulation was not unexpected. The PB-PK model constructed - -

here was for dermal exposure, whereas the observation by Bradway and
Shafik involved oral exposure buased on a single suicide case. As can be seen
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Figure 2. Excretion of urinary malathion metabolites {simulated for sub-
ject Bl

in Figure 1, a chemi 4l absorbed in the pastrointestinal tract is likely to be
;immediately available in the liver, the dominant site for chemical metabo-
Yism (including that for malathion). However, the same chemical from der-.
ial exposure is likely to e more available to other tissue compartments and
hence could be excreted without first being metabolized into MCA or DCA
in the liver. Carboxylesterase is responsible for the degradation (deesterifi-
cation} of malathion into the acid metabolites. It has been shown-(35-37),
however, that in the general population the level of circulating carboxyles-
{erase available in the blood is negligible compared with that in the liver.
“Tuble 111 also suggests that the excretion half-time of malathion was ap-
proximately 12 h after first dermal contact, which wis assumed to have lasted
5h. At 12 b, the total amount of excretion shown in Table 1H (i.e., that listed
under feces, urine, and acid metabolites) was (.27 mg, approximately half
of the total absorbed dose estimated (for long-time lapset. This finding was
consistent with that ohserved carlier in the study by Ross et al. (6), in which
a range from 4 to 12 h was reported as the excretion half-time of malathion
applied to the skin in vehicle twhich included protein hait). The excretion
data in Table 11T indicate that at 4% h after first dermal conitact, more than

- 75% of an ahsorbed dose. would be recovered as urinary {acid and other)

metabolites with another 20% recovered as fecal metabalites. The urinary’
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Figure 3. Exeretion curve jor malathion acid metabolites (simulated for
subject B). ‘

recovery simulated in this study was only 15-20% lower than those observed
experimentally elsewhere (6, 38}, The excretion rates simulated here for
malathion acid metabolites (as shown in Figure 3) were similar to those es-
timated independently by Papanek and Woloshin (5) and those observed by
others for total malathion metabolites (38, 39}, thus further substantiating
the kinetic equations used in the model.

Absorbed doses of malathion estimated here through FB-PK simulation
were typically within an order of magnitude of the upper-bound estimates
caleulated earlier by Papanek and Woloshin (5). In that exposure assess-
ment, relying on a different computational method and largely a different
set of assuwmnptions, Papanek and Woloshin also found the highest total ab-
sarbed doses (3.3 mg for short lapse and 9.6 mg for long lapse} in subject D
The lowest absarbed doses (30 pg for short lapse and 9 pg for long lapse)
estimated in their exposure assessment also occurred in subject I As shown
in Table 1V, the diflercnce in time lapse thde to have an impact on the
estimation of total absorbed dose,

In general, model predictions are greatly affected by the input param-
eters. Although-many of the physiological and biochemical parameters ap-
plied in the PB-PK model were also used eurlier by OEMHA (36, 31), it is
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Table IV. Total Absorbed Dose of Malathion Estimated through Modeling

Malathion Dose

A(ACI ‘”1 130
Metabolites® (e
{pg/L Short Long
Subject Case ID Urine) Lapse Lapse
Adult residents
{70 kg)
A a3 20.7 011 0.09
B 4 810 0.43 0.56
C 39 21.6 0.10 0.15
D 683 147.0 1.00 1.31
Agricultural workers
{70 ke) . :
E AGHD 45.0 0.22 0.20
F AGSH2 81.0 0.40 0.36
G AG33 40.0 0.20 0.18
Younger children
(14 kg)
n - 18 225.0 0.30 .30
1 ' 61 24.9 ©0.03 0.03
Older children
(35 kg)
] 31 75.0 0.20 0.19
K 60 156.0 042 (h4(¢

"The amount of total acid metabolites accumulated up to the assumed time lapse between
first dermal contact'and urine collection (see Tablé 1) was used to simulate each participant’s
total absorbed dose of malathion; the daily urine output volumes for adults, yvounger chil-
dren., and older children were ussumed to be 1200, 300, and 800 mL, respectively (32).
“Each participant’s dose was also simulated by using the shortest as well as the Jongest
assumed number of hours between first dermal contact and urine cotlection; for all study
cases, except subjects B, C, and 1. the shortest time lapse was assumed to be 3 h (see
foutnotes in Table I for assumed time lapses). )
“May be substantially overestimated because of overestimation of the child’s body weight
132); as shown in Table I, the child was 5 vears old at the time of the biomanitoring study.

conceivable that the input parameters listed in Table 11 might he best de-
fined by their ranges, rather than by their means or mean-hased point esti-
mates. A more reliable and more complex approach to PB-PK modeling
would thus be to use parameter values randomly sampled from their range,
while taking into account their known or presumed statistical distribution,
Many investigators have begun to utilize this approach to refining or im-
proving their PB-PK models in risk assessment (1H-16, 23, 24). For this

approach, Monte Carlo simulations would also be required to obtain a rep-. .

resentative sample of model predictions, which by definition would be sta-

. tistical distributions rather than single points.
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The Monte Carlo technique was pot incorporated into the PB-PK mod-
eling here, however, despite its increasing popularitv. A major reason for
this omission was that other paramcters used in the model had even greater
uncertainty. These included the assumed time lapse and the estimated total
acid metabolites estimated for the 11 study cases. As shown in Table TV,
dose simulation was affected somewhat by the assumed time lapse. A great
deal of uncertainty was associated with this time variable, hecause its mea-
surement was primarily based on the participant’s recollection. The values
estimated for the oliserved total acid metabolites were also subject to sub-
stantial uncertainty, in that direct measurements were nol made on MCA
and total urine outputs were not collected for the participants. Because the
purpose of this case study was illustrative and the biomonitoring study had
limitations in its experimental design, the complex Monte Carlo approach
ta PB-PK modeling was not warranted here. {For a limited discussion of
improved experimental design see the Conclusion section.) ‘

Although the Monte Curlo approach wus not nused in this case study,
over 70 additional simulations were made to determine the sensitivity of
dose estimation to the key biochemical parameters listed in Table H {for all
subjects). When the partition coefficient value for any of the listed tissues
other than skin was deliberately doubled, the ubsorbed dose predicted - was
altered by about I3% ur less. Even when either the V or K, value was
doubled, the dose was altered by no more than 33%. In this sensitivity anal-
vsis, model predictions were found to be most affected {up to as much as
two-fold) by the skin—blood partition coefficient. Such a finding was it un-
expected, however, because the tissue-blood partition coctlicient is defined
as the concentration of a chemical in the-tissue compared with that in the
blood at steady stute. H more malathion were bound in the skin (as would
be the case with an increased partition coefficient;, less would be available
to the liver for metabolism. This eflect, in turn, would require an additional
dose absorbed into the body ithe skin) so that the same theoretical amount
of malathion could be available to the liver fir metaholisin.

Several input parameters fisted in Table 11 were assigned arbitrary val-
ues. These parameters included the constants for skin permeability and for
evaporation into air. In this case study, the tatal absorbed dose (not the ap-
plied dermal dose) was of interest. The PB-PK nodel was constructed for a
dose applied to a skin surface arca of I em®. The applied dose was at first
assigned an arbitrary valne for o given study case and then was varied in
subsequent runs until the predicted accumulation of acid metabolites
matched that estimated trom the hiomonitoring duta. In short, the model
was independent of the total exposed surface area. I the actual exposed
surface arca were 1000 em?, the model dose corresponding ta a 1-emi? surface
area wonld need to be reduced by 1000-fold iso that the total dermal dose
that would penetrate through the skin would remain the sumel. This prop-
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osition is in accord with the following equation given by McDougal et al.
(213 and by Knaak et al. {23}

ABS =Px AxCxT

where P is the skin permeability constant, A is the surface area exposed, C
is the exposure concentration, T is the permeation time, and ABS is the total
amount of chemical absorbed up to permeation time 7. An extension of this

equation made here is that ABS is quantifiable by summing the amounts of
chermical simulated for all the internal tissue compartments involved. The.

amount of chemical in each compartment is estimated by the postulated

kinetic equations so that the total comprises the ABS. Although the amounts .

of chemical in the internal tissnes change over time, their sum after per-
meation stops (in this case after 5 h) always remains the same; this is because

the chemical {or its metabolites) has to be present in some of the internal’
tissue compartments. This assurance of additivity is based on the commonly

encountered biochemical principle known as the mass-balance theory.

Unlike most air levels of organic vapors assumed for dermal exposure:

assessment, the total applied malathion dose (i.e., A x C) received through

dermal contact by.each subject in this case study was expected to dissipate

over time. As reflected in equation 2, its quantity on the skin diminishes
over time because of permeation and evaporation. Insofar as the constants
for skin permeability and evaporation are comparatively small and their ratio
does not alter substantially, the applied dose that remains on the skin will
dissipate at a relutively very low, fairly steady rate (for an example, see Table

II1). Consequently, the absorbed dose simulated here should not be affected

by the constants assumed for skin permeability or for evaporation, unless
these assigned values, particularly that for the Jatter constant, are tar off the
range limits proposed by OEHHA (30, 31).

Conclusion

As discussed in several earlier chapters in this volume, classification of ex-
posure groups is a cornerstone of well-designed studies in environmental

epidemiology. The increasing sensitivity and sophistication of analytical tests
have greatly expanded the array of biomarkers available to the epidemiolo-
gist. Data on hiomarkers in biological fluids, regardless of how accurate,
usually do not correspond in any direct way to the dose absorbed. As dem-
onstrated in this chapter, PB-PK models provide an essential interpretive
tool when applied to biomarker data.

PB-PK modeling was used in this case study to estimate the total ab-
sorbed dose of malathion in seven adults and four children. The subjects
were alleged to have come into contact with the Medfly eradication aerial
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sprays that were applied over portions of southern California during the fall
of 1959 and continuing through July 1990. Results predicted through this
PB-PK simulation suggest that for the adults (70 kg), the highest absorbed
dose of malathion was 1.3 ing in the spray event studied. Among the vounger
(14 kg) and the older (35 kg} children, the highest estimated total doses were
0.3 mg arnd 0.4 mg, respectively. These estimations were based on a conser-
vative approach, in that the model assumed an above-average daily urine
output for the study cases and considered the shortest as well us the longest
probable time lapse from first dermal contact until urine collection. In ad-
dition, the model assumed that as much as 20% of an absorbed dose of mal-
athion would be excreted in feces, thus resulting in a lower production of
the acid metabolites that would lead to a higher guantity of the ABS simu-
lated. f
In addition to its utility in estimating the total absorbed dose of a chem-
ical, PB-PK simulation can be used to estimate simultaneously the various
time-dependent tissue concentrations. The amounts of malathion or its me-
tabolites simulated for the various internal tissues shown in Table III, when
divided by their corresponding tissue volume, would provide the tissue con-
centrations of interest. This type of pharmacokinetic information is crucial
for health risk assessment if the toxic end point in question is organ-specific.
Gearhart et al. (18) recently demonstrated the use of PB-PK modeis for pre-
dicting cholinesterase inhibition in rats. Although malathion can cause acute
cholinergic reactions in humans at high dosages, the PB-PK model used in
this case study was not revised to separate brain from the vessel-rich groups.
This is because the objective here was not to estimate the various tissue
concentrations per se but rather to estimate total dosage.

Future studies need experimental design considerations to exploit more

fully the sophistication and precision of PB-PK models. For example, ana-

lytical methods are needed to quantify the breadth of known malathion uri-
nary metabolites. not just DCA or the sum of DCA and MCA. The PB-PK
simulations performed would have been more reliable had the theoretical
accumulation of matathion urinary metabolites ifor cach study case’ been fit
simultanesusly as well as statistically to a set of experimental values corre-
sponding to definite time points, such as at 6, 12, 24, and 48 L. Finally,
additional information is needed on the background exposures to malathion
in the general population. Contounding due to dietary exposures was not
evaluated. other than by a questionnaire. Nevertheless. this pilot study was
believed to be useful in providing a rough estimate of the total absorhed
dose of malathion {or individuals allegedly exposed to the Medflv eradication
aerial sprays, particularly in lght of the fact that the subjects were recruited
largely from the general population in spraved areas and that recruitment
was based primarily on self-reported, alleged exposures surfacing in com-
plaints to local health authorities. ‘

A
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